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We present macroscopic and neutron diffraction data on multiferroic lightly Co-doped Ni3V2O8.
Doping Co into the parent compound suppresses the sequence of four magnetic phase transitions
and only two magnetically ordered phases, the paraelectric high temperature incommensurate (HTI)
and ferroelectric low temperature incommensurate (LTI), can be observed. Interestingly, the LTI
multiferroic phase with a spiral (cycloidal) magnetic structure is stabilized down to at least 1.8 K,
which could be revealed by measurements of the electric polarization and confirmed by neutron
diffraction on single crystal samples. The extracted magnetic moments of the LTI phase contain
besides the main exchange also fine components of the cycloid allowed by symmetry which result
in a small amplitude variation of the magnetic moments along the cycloid propagation due to
the site-dependent symmetry properties of the mixed representations. In the HTI phase a finite
imaginary part of the spine magnetic moment could be deduced yielding a spin cycloid instead of
a purely sinusoidal structure with an opposite spin chirality for different spine spin chains. The
magnetic ordering of the cross-tie sites in both phases is different in comparison to the respective
ones in the pure Ni compound. A wider temperature stability range of the HTI phase has been
observed in comparison to Ni3V2O8 which can be explained by an additional single-ion easy-axis
anisotropy due to Co-doping. The larger incommensurability of the Co-doped compounds yields a
larger ratio between the competing next-nearest neighbour and nearest neighbour interaction, which
is J2/J1=0.43 (0.47) for a doping level of 7% (10%) Co compared to 0.39 in the parent compound.
PACS numbers: 61.50.Ks; 74.70.Xa; 75.30.Fv
Keywords:
I. INTRODUCTION
In improper multiferroic materials combining at least
two of the ferroic states, e.g. (anti)ferromagnetism and
ferroelectricity the ferroelectric polarization is intimately
coupled to the magnetic structure as the first is a di-
rect consequence of the latter in contrast to proper mul-
tiferroics where the origins of both effects are differ-
ent. Although the absolute value of the ferroelectric
polarization in improper multiferroics is rather low the
magnetoelectric effect is very high in comparison to the
proper ones. An intensively studied improper multifer-
roic compound is the kagome staircase system Ni3V2O8n
(NVO) crystallizing in the orthorhombic space group
Cmce (Refs. 1,2). In comparison to the classical kagome
structure the symmetry of the kagome staircase is low-
ered due to the zig-zag structure and two different crys-
tallographic sites which are occupied by the magnetic
ions [cross-tie site (4a), spine site (8e)]. On decreas-
ing temperature the system exhibits a sequence of four
magnetic phase transitions.3 At 9.1 K NVO orders an-
tiferromagnetically revealing an incommensurate sinu-
soidal spin structure with magnetic moments predomi-
nantly along the a axis [high-temperature incommensu-
rate (HTI) phase]. Between 6.3 K and 3.9 K an incom-
mensurate spiral magnetic structure in the a-b plane is
stabilized as a consequence of the geometric frustration
[low-temperature incommensurate (LTI) phase]. At 3.9
K the magnetic moments of both sites order in a com-
mensurate canted antiferromagnetic structure,4–6 before
a multi-k structure is established at 2.3 K where the
cross-tie spins exhibit a spiral order.7 The by far most
interesting magnetic phase is the spin cycloid as it breaks
inversion symmetry and via the Dzyaloshisnkii-Morya in-
teraction induces a ferroelectric polarization along the b
axis therefore rendering the material multiferroic. It has
been demonstrated that the handedness of the spiral can
indeed be switched by reversing an applied electric field.8
Substituting Ni with Co gradually lowers the magnetic
phase transition temperature, the variety of magnetic
phases and it also changes the type of magnetic structures
as it has been shown by macroscopic measurements9–12
and neutron diffraction.13–15 The application of pressure
to NVO reduces the stability range of the spin spiral un-
til it completely vanishes.16 Recently, it has been shown
by measurements of the electric polarization17 that dop-
ing a low percentage of Co into the pure Ni compound
stabilizes the multiferroic phase down to T=1.8 K. This
behavior is rather surprising as on the one hand the in-
duced chemical pressure should have the same effect as
external pressure and on the other hand the additional
single-ion anisotropy should destroy the spin spiral as
2FIG. 1: (Color online) Crystal structure of (CoxNi1−x)3V2O8.
Polyhedra and bonds have been drawn to emphasize the struc-
tural characteristics. Edge-sharingMO6 (M=Co/Ni) octahe-
dra build the kagome staircases which are separated by VO4
tetrahedra along the b axis. The nearest-neighbour magnetic
exchange is effectuated by a 90◦ M -O-M pathway between
a cross-tie (light blue) and a spine ion or between two spine
ions (dark blue).
observed for higher Co doping. In this study we ad-
dress the open question of the magnetic structures of
two low Co doped compositions (Ni0.93Co0.07)3V2O8 and
(Ni0.9Co0.1)3V2O8, which are supposed to be similar to
the ones in the parent compound, although no experi-
mental evidence is present so far.
II. SYMMETRY ANALYSIS
Symmetry adapted spin configurations have been de-
duced from representation analysis. The crystallographic
space group connected to a (qx 0 0) propagation yields
four irreducible representations which have been tested
individually and in combinations on the obtained data.
We denote the irreducible representations from Γ1 to Γ4
according to Ref. 6. The spin distribution for the differ-
ent sites (p=c, s) and their positions r in the magnetic
unit cell is determined by the sum of the non-zero basis
vectors of the corresponding irreducible representations
Γn
Sp,r =
1
2
∑
Γn
ψn exp [2piiq(R+ r)]+ψn exp [−2piiq(R+ r)]
(1)
where the ψn are the complex basis vectors (with ψn
their complex conjugates) of the Γn representation for
the cross-tie (p=c, r=1-2) and spine spins (p=s, r=1-4)
at the respective position R+r (R is a lattice vector and
r contains the fractional coordinates) in the crystal (see
Tab. I). The sum is taken over q and -q for which a factor
of 1/2 has to be applied. Following Ref. 6 we use the basis
vectors ψn in Tab. I which take into account additional
symmetry operators (in particular, spatial inversion) of
the paramagnetic phase that allow the same phase φΓn
for all basis vector components of the same Γn represen-
tation. Hence, for a single representation the common
phase can be set to zero, while for mixed representations
the phase difference between the basis vectors of the re-
spective representations is pi/2. The last column of Tab. I
shows the resulting basis vectors of such an admixture of
representation Γ1 (ψ1 shifted by pi/2) to Γ4. Although
all of the magnetic models presented in Tab. I are suited
to describe a spine spin cycloid propagating along the
a axis, not all of them induce a ferroelectric polariza-
tion along the b axis (Note that a sinusoidal magnetic
structure does not break inversion symmetry and there-
fore cannot induce a ferroelectric polarization18). The
polarization direction is determined by the cross prod-
uct between the spin propagation direction and the axis
of spin rotation18 (the latter is given by the cross prod-
uct between two neighboring spins), which means that
in the case of (Ni1−xCox)3V2O8 the spin rotation axis is
along c. Hence, the magnetic moments of the spine site
need to have an a and a b component, from which one of
them must be imaginary. Using Eq. 1 with the C trans-
lation and the symmetry properties in Tab. I one can
construct the spine spin distributions for each magnetic
model, which is shown in Fig. 2 for a zero c component
and a circular envelope in the a-b plane.29 As it can be
seen, for the single representations Γ1 or Γ4 there are
two left-handed and two right-handed rotations on the
spine spin chains for a propagation along the a axis. Ac-
cording to the definitions above there is an alternation of
the spin rotation axis directions which results in an al-
ternation of the polarization vector. In other words, the
net electric polarization is zero. In contrast, the sense
of spin rotation is the same for all spine chains by us-
ing a mixing of representations like Γ1+Γ4 which results
in a non-zero electric polarization as all the oxygen ions
(not depicted) are shifted in the same direction due to
the inverse Dzyaloshinksii effect. It is a common fea-
ture of improper multiferroics, that the multiferroic spin
spiral is preceded by a sinusoidal or spiral spin structure
whose symmetry does not allow ferroelectricity. MnWO4
(Refs. 19,20), AgFeO2 (Ref. 21), CuFeO2 (Ref. 22,23) and
TbMnO3 (Ref. 24) among many others undergo a mag-
netic phase transition at TN into a spin configuration
with magnetic symmetry similar to Γ1 or Γ4 in Fig. 2,
where in most of the cases a sinusoidally modulated struc-
ture is reported, but detailed analysis19 shows the pres-
ence of spin cycloids with opposite chiralities. A few
K below a symmetry-breaking magnetic transition takes
place into the multiferroic phase in which all the spin cy-
cloids reveal the same chirality.
3FIG. 2: (Color online) Sketch of the crystallographic unit
cell (only showing the spine site, filled circles are atoms at
z= 1
4
, open circles are atoms at z= 3
4
) viewed along the c axis
for the three spin configurations corresponding to the single
representations Γ1, Γ4 (for both us=vs) and the mixed repre-
sentations Γ1+Γ4 (u4,s=v1,s and u1,s=v4,s=0). Only Γ1+Γ4
exhibits the same chirality for every spine spin chain along
the a axis and therefore induces a ferroelectric polarization
along the b axis.
III. EXPERIMENTAL
Samples with dimensions suitable for the particular
measurements and with different crystallographic orien-
tations were cut from the same crystals used in Ref. 17.
The magnetization was measured as a function of tem-
perature using a superconducting quantum interference
TABLE I: Basis vectors ψn of the irreducible representations
Γ1, Γ4 and Γ1+Γ4 for the M
2+ ions [cross-tie (c) and spine
(s)] at given fractional coordinates (x, y, z) associated with a
propagation vector q = (qx, 0, 0). The basis vectors ψn result
from taking into account additional symmetry operations (in
particular, spatial inversion) of the paramagnetic phase and
have the same phase factor (see details in Ref. 6). For Γ1+Γ4
a phase factor of pi/2 has been applied to the basis vectors
ψ1. The components u, v and w connected to the spin S
p,r
Γn
have been refined according to their constraints (an overline
indicates a negative number).
Site p Atom r (x, y, z) ψ1 ψ4 ψ1+ψ4
c (4a) 1 (0, 0, 0)


u1,c
0
0




0
v4,c
w4,c




iu1,c
v4,c
w4,c


2 (0, 1
2
, 1
2
)


u1,c
0
0




0
v4,c
w4,c




iu1,c
v4,c
w4,c


s (8e) 1 ( 1
4
, y, 1
4
)


iu1,s
v1,s
iw1,s




u4,s
iv4,s
w4,s




u1,s + u4,s
iv1,s + iv4,s
w1,s +w4,s


2 ( 1
4
, y, 3
4
)


iu1,s
v1,s
iw1,s




u4,s
iv4,s
w4,s




u1,s + u4,s
iv1,s + iv4,s
w1,s +w4,s


3 ( 1
4
, y+ 1
2
, 3
4
)


iu1,s
v1,s
iw1,s




u4,s
iv4,s
w4,s




u1,s + u4,s
iv1,s + iv4,s
w1,s +w4,s


4 ( 1
4
, y+ 1
2
, 1
4
)


iu1,s
v1,s
iw1,s




u4,s
iv4,s
w4,s




u1,s + u4,s
iv1,s + iv4,s
w1,s +w4,s


device (SQUID) magnetometer from Quantum Design.
A magnetic field of 1 kOe was applied within a few de-
grees of accuracy along the principle crystallographic di-
rections of the crystals (shaped as a 3x2x5 mm3 paral-
lelepiped along the crystallographic a, b and c axes, re-
spectively). The data presented here are not corrected
for the demagnetizing field effect. The electric polariza-
tion was studied along the b axis by pyroelectric measure-
ments using a Keithley 6517A electrometer. The neutron
diffraction experiment has been carried out at the four-
circle diffractometer D10 (ILL, Grenoble) using a wave-
length of 1.26 A˚ from a Cu(200) monochromator. The
same crystals were used as for the bulk magnetic mea-
surements. The nuclear structures of both compounds
have been investigated within the paramagnetic phase at
15 K, while the magnetic structures have been studied at
2 K and 7 K according to the magnetic phase transitions
seen by the macroscopic methods.
4IV. RESULTS AND DISCUSSION
A. Macroscopic measurements
The temperature dependence of the magnetic suscep-
tibility along the principal crystallographic directions at
low temperatures is shown in Fig. 3. For both the x =
0.07 and x = 0.1 compositions, a peculiarity is clearly
visible in the a and c axis susceptibilities at 9.1(1) K
and 8.7(1) K, respectively, but not on the b axis sus-
ceptibility, very similar to the behavior in the Co-richer
compound (Ni0.5Co0.5)3V2O8 (Ref. 15). This is better
manifested in the insets of Fig. 3, where the derivatives
of the susceptibility are plotted. Another clear peculiar-
ity is observed at lower temperatures for both composi-
tions, at 6.0(2) K and 5.5(2) K, respectively, in magnetic
fields along the a and the c axis. While the high tem-
perature peculiarity could be naturally attributed to the
Ne´el temperature, which is gradually decreased upon Co
doping13,14 (TN=9.1 K for the parent compound), the
low temperature susceptibility anomaly signals a change
in the magnetic structure.
As seen from Fig. 4, for both compositions the anisotropy
observed at and below TN persists in the paramagnetic
region with all the three inverse susceptibilities becom-
ing parallel straight lines at high enough temperatures
where the Curie-Weiss law applies. However, while
at high temperatures the a and c axis susceptibilities
become almost the same, they remain different from
the one along the b axis. Note that, in contrast, the
paramagnetic susceptibility of the undoped compound
is rather isotropic.25 The observed anisotropy reflects
the significant difference in the asymptotic paramag-
netic temperatures θP obtained for the three directions:
θP=-34(5) K along the b axis and θP=-15(1) K along
the a and c axes of (Ni0.93Co0.07)3V2O8; θP=-30(2) K
along the b axis and θP=-7(1) K along the a and c axes
of (Ni0.9Co0.1)3V2O8. A tendency for a weakening of
the exchange interactions with an increase of Co dop-
ing is seen. Within the experimental error, the effective
magnetic moment was found to be the same for all the
orientations: 6.1(1) µB/f.u. in (Ni0.93Co0.07)3V2O8 and
6.3(1) µB/f.u. (Ni0.9Co0.1)3V2O8 (note that vanadium
is in V5+ valence and diamagnetic). Those values are
bigger than the ones based on the spin only contribution
from the 3d ions and suggest that the orbital moments
are not completely frozen. Figure 4 shows the tempera-
ture dependence of the electric polarization P (T ) of pure
and doped nickel vanadates measured after the prelim-
inary cooling of the samples in an electric field of the
order of 1 kV/cm. According to the figure, the behavior
of the polarization in pure nickel vanadate is in qualita-
tive agreement with the data reported in Ref. 11. The
presence of an electrical polarization has been shown4–6
to be caused by the inverse Dzyaloshinksii effect due to a
spiral magnetic structure which breaks inversion symme-
try. Therefore, the electric polarization serves as an un-
ambiguous proof for the transitions from the HTI to the
FIG. 3: (Color online) Temperature dependence of the mag-
netic susceptibility of (Ni0.9Co0.1)3V2O8 (upper pannel) and
(Ni0.93Co0.07)3V2O8 (lower pannel) for an external field of
1 kOe along the principal crystallographic directions. The
derivatives of the susceptibility are plotted in the insets. The
arrows and the dashed lines indicate susceptibility changes
attributed to magnetic phase transitions.
multiferroic LTI phase and from the LTI to the commen-
surate phases at lower temperature. The experimental
data in Fig. 5 shows that for the doped compounds, the
transition temperature from the HTI to the LTI phase
is reduced as compared with the pure one (down to 6.1
and 5.3 K for x=0.1 and 0.07, respectively) which is in
a reasonable agreement with the magnetic data. As it
is seen from the figure, in contrast to NVO, the polar-
ization in lightly doped vanadates does not disappear as
the temperature is reduced, which discards the presence
of an additional magnetic phase above 1.8 K.
B. Nuclear structure
The nuclear structure refinement was based on 800
measured unique reflections of the crystallographic space
group Cmce. The integrated intensities were corrected
for absorption applying the transmission factor integral
exp[−µ(τin + τout)] by using subroutines of the Cam-
bridge Crystallographic Subroutine Library26
5FIG. 4: (Color online) Temperature dependence of the inverse
magnetic susceptibility of (Ni0.9Co0.1)3V2O8 (upper pannel)
and (Ni0.93Co0.07)3V2O8 (lower pannel) for an external field
of 1 kOe along the principal crystallographic directions. The
arrows indicate the asymptotic paramagnetic temperatures
θP .
[τin and τout represent the path lengths of the beam
inside the crystal before and after the diffraction pro-
cess, µ is the linear absorption coefficient, which is
0.129 cm−1 and 0.145 cm−1 for (Ni0.93Co0.07)3V2O8 and
(Ni0.9Co0.1)3V2O8, respectively]. The fractional coordi-
nates and isotropic temperature factors have been refined
for each atom except for V whose position and Debye-
Waller factor have been fixed to the one observed by X-
ray measurements due to its transparency for neutrons.
Further refined parameters were the Co/Ni occupation on
the 4a and 8e site and the extinction parameters accord-
ing to an empiric ShelX-like model.27 All refined struc-
tural parameters are shown in Tab. II.
The structural parameters show to be as expected
including a slightly higher Co concentration with the
preference to occupy the more symmetric 4a site like
it has already been observed for the mixed series
(CoxNi1−x)3V2O8.
14,15
FIG. 5: (Color online) Temperature dependence of the electric
polarization Pb(T ) in pure and Co-doped nickel vanadates,
illustrating a suppression of the low temperature weak ferro-
magnetic phase for the doped compounds in comparison to
NVO (x=0).
TABLE II: Refined nuclear structure parameters within the
Cmce space group for (Ni1−xCox)3V2O8 with a nominal Co-
doping of xnom = 0.07 and xnom = 0.10. xref specifies the
refined amount of doping. The extinction parameters xij are
the diagonal entries of a tensor used to calculate the extinction
factor.
xnom = 0.07 xnom = 0.10
cell a (A˚) 5.9330(5) 5.9362(4)
b (A˚) 11.3883(9) 11.3896(6)
c (A˚) 8.2315(8) 8.2289(6)
Co1/Ni1 occ. (%) 13(2)/87(2) 18(2)/82(2)
B (A˚2) 0.04(12) 0.0(1)
Co2/Ni2 y 0.1303(1) 0.1302(1)
occ. (%) 6(1)/94(1) 13(2)/87(2)
B (A˚2) 0.10(6) 0.1(1)
xref 0.08(2) 0.15(2)
O1 y 0.2490(2) 0.2490(3)
z 0.2685(3) 0.2682(5)
B (A˚2) 0.16(7) 0.2(1)
O2 y 0.0011(2) 0.0011(3)
z 0.2448(4) 0.2445(6)
B (A˚2) 0.11(7) 0.2(1)
O3 x 0.2650(5) 0.2655(4)
y 0.1191(2) 0.1190(2)
z 0.0000(3) 0.9996(4)
B (A˚2) 0.22(7) 0.3(1)
ext. x11 0.07(2) 0.10(1)
x22 0.0107(8) 0.039(4)
x33 0.062(3) 0.11(2)
RF (%) 4.10 4.98
χ2 17.2 17.0
6C. Magnetic structures
For each magnetically ordered phase a number of 200
unique reflections has been recorded, integrated and cor-
rected for absorption. Both compounds reveal two mag-
netically ordered phases, which prove to be incommen-
surately modulated by a propagation of type (qx 0 0)
in analogy to the pure Ni compound (qx is composition
dependent).
1. HTI phase
The observed magnetic scattering intensities at 7 K
could well be described by the single irreducible represen-
tation Γ4 (φΓ4=0) for both investigated compounds. The
resulting components are shown in Tab. III. The cross-
tie moments are not completely frustrated like in the un-
doped compound, so that their non-zero real components
result in a sinusoidal modulation along the propagation
vector q=(0.32 0 0) [q=(0.30 0 0)] for x=0.10 (x=0.07)
with the spins lying within the b-c plane. Collinear chains
of cross-tie spins are formed along the a axis, where the
b component of the spin alternates from chain to chain
along the [001] direction. The imaginary b component of
the spine spins may induce a spin cycloid, however, it is
small compared to the strong real component along the
a axis, while the c component is essentially zero. This re-
sults in a spin cycloid with a strongly elongated elliptical
envelope which is therefore close to a sinusoidal modula-
tion. The configuration of the spine spins can therefore
be described as close to collinear along the a axis. The
magnetic structure is visualized in Fig. 6(a) showing two
neighboring kagome staircases. Note that the spin config-
uration according to the single irreducible representation
Γ4 does not induce a ferroelectric polarization as it has
been described in Sec. II and shown in Fig. 2.
2. LTI phase
As known from the pure Ni compound a mixing of the
two representations Γ1 and Γ4 is needed to describe the
LTI phase, where the basis functions ψ1 are shifted by
pi/2 with respect to ψ4. In a first step the coefficients of
the basis vectors ψn have been refined, while restricting
the real and the imaginary part of the magnetic moments
of both sites to be perpendicular, of equal size and within
the a-b plane. This corresponds to a spin cycloid perpen-
dicular to the c axis with a circular envelope. The agree-
ment of the imposed model with the data was quite good,
but could substantially be improved by releasing the con-
straint on the size of the real and imaginary parts result-
ing in an elliptical envelope just as reported in Ref. 6.
Furthermore, one may suggest that for the spine spins
the ratio between the main (exchange) component u4,s of
the basis vector and the weak (relativistic) ones iv4,s and
w4,s in the HTI phase remains the same in the LTI phase
(i.e.
u4,s,HTI
v4,s,HTI
=
u4,s,LTI
v4,s,LTI
and
u4,s,HTI
w4,s,HTI
=
u4,s,LTI
w4,s,LTI
) due to the
presence of the mixed terms u4,s(v4,s)
∗ and u4,s(w4,s)
∗
allowed by symmetry in the Landau thermodynamic po-
tential which results in the proportionalities v4,s ∼ u4,s
and w4,s ∼ u4,s. As this could be confirmed in the first
refinement steps - although with limited precision - this
ratio has been constrained. A further reduction of χ2
was achieved by introducing a c-component on the real
part of ScΓ4 . It turned out that for the x=0.10 compound
the only significant component of the cross-tie moment
points along the c axis essentially resulting in a sinusoidal
modulation of collinear spins. The spine spins instead
form a spin cycloid propagating along the a axis with its
spin rotation axis along c. Due to the same chirality of
each spine spin chain (see Fig. 2) a uniform electric polar-
ization is induced along b via the Dzyaloshinskii-Moriya
interaction (see Sec. II). Compared to NVO the spine
spin configuration is qualitatively the same and only the
values of the magnetic moments differ slightly. Concern-
ing the cross-tie site, there is a change from a spin cy-
cloid within the a-b plane in the undoped compound to
a presumably collinear sinusoidally modulated structure
with µ ‖ c for x = 0.10 as the a and b components do
not reveal significant non-zero values. For x = 0.07 a
finite a-component of -0.13(9) µB has been refined, for
which a spin spiral within the a− c plane may be possi-
ble although the data does not permit a clear statement.
The magnetic structure of the LTI phase is visualized in
Fig. 6(b).
It can be seen in Tab. III that the major spine spin
components are the imaginary b component of Γ1 and
the real a component of Γ4. However, the real a compo-
nent of Γ1 and the imaginary b component of Γ4 show
small but reliable values in comparison to Ref. 6 (except-
ing u1,s for x=0.07). The existence of those fine compo-
nents of the spine spins in this phase makes the cycloidal
structure locally different resulting in a non-equivalence
of the spin amplitudes. This is due to the fact the two
irreducible representations transform the spin properties
according to different symmetry operators, for which the
sum or the difference of two spin components can be real-
ized depending on the site (see Tab. I). This situation is
very similar to the recent finding of non-equivalent spin
cycloids in various Mn2+ sites in the ferrorelectric phase
of MnWO4 multiferroics.
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V. CONCLUSION
We have carried out magnetization and neutron
diffraction experiments documenting the magnetically or-
dered phases and the respective transition temperatures
of two multiferroic compounds (Ni0.93Co0.07)3V2O8 and
(Ni0.9Co0.1)3V2O8. Substituting more than 3.5% Ni by
Co suppresses the sequence of four magnetic phase transi-
tions, reduces the Ne´el temperature and makes the prop-
agation vector temperature independent.14 Our macro-
scopic measurements show clearly the existence of two
7TABLE III: Refined components of the basis vectors for spine and cross-tie positions r=1 given in Bohr magnetons for the two
magnetic structure models describing the data at T=2 K (Γ1 + Γ4) and T=7 K (Γ4 only), respectively. Note that the basis
functions of Γ1 are shifted by the phase factor pi/2 with respect to those shown in Tab. I.
T (K) Sp,r
Γn
x=0.07 x=0.10
Sc,1
Γ1
[-0.13(9)i, 0, 0] [-0.08(7)i, 0, 0]
Sc,1
Γ4
[0, 0.07(7), 0.12(5)] [0, -0.05(6), 0.18(4)]
2 Ss,1
Γ1
[ -0.04(6), 1.58(3)i, -0.02(6)] [-0.07(5), 1.39(3)i, -0.02(5)]
Ss,1Γ4 [2.08(3), 0.141(2)i, 0.013(2)] [1.99(2), 0.122(1)i, -0.013(1)]
χ2 (RF ) 9.30 (7.10) 4.36 (6.61)
Sc,1
Γ4
[0, -0.10(3), 0.07(2)] [0, -0.12(3), 0.17(3)]
7 Ss,1
Γ4
[1.63(2), 0.11(2)i, 0.01(5)] [1.49(1), 0.09(2)i, -0.01(5)]
χ2 (RF ) 4.93 (11.6) 2.49 (9.33)
magnetic phase transitions above 1.8 K. The correspond-
ing phases are antiferromagnetic, from which the low-
temperature phase exhibits a non-zero electric polariza-
tion as shown in Ref. 17. The magnetic structure deter-
mination by means of neutron diffraction revealed that
the two magnetically ordered phases correspond to the
HTI and LTI phases of the parent compound.4 Although
the spin configurations correspond to the same irre-
ducible representations as the respective NVO structures,
small differences are observable concerning the cross-tie
spin order due to different spin components which, how-
ever, leave the symmetry properties invariant. In the
HTI phase the cross-tie spins are not completely frus-
trated as in the pure Ni compound exhibiting a mag-
netic moment of 0.21(3) µB for the x=0.1 compound
(0.13(3) µB for x=0.07), which is oriented within the b-c
plane. Due to the finite imaginary part of the magnetic
moment the spine spins form a cycloid instead of a purely
sinusoidal structure with an opposite spin chirality for
different spine chains for which this magnetic structure
does not induce a ferroelectric polarization. Such a fine
structure, which is determined by the weak anisotropic
(relativistic) magnetic interactions and distorts the main
magnetic structure on the different magnetic sites, has
also been observed in the LTI phase. These fine compo-
nents result in a non-equivalence of the spin amplitudes
along the cycloid propagation direction. A similar fine
structure has been observed recently in the multiferroic
compound MnWO4,
19 where also the symmetry of the
magnetic structures reveal exactly the same pattern as
presented here, i.e. spin spirals with opposite chiralities
in the close to sinusoidal phase and spin spirals with the
same chirality in the multiferroic phase.19,20 Our results
reveal that in the LTI phase the cross-tie spins do not
exhibit the same cycloid as the spine spins. Instead, a
close to sinusoidal modulation is present in the x = 0.10
compound, where the only significant spin component
points along the c axis, very similar to the HTI phase.
For x = 0.07 a finite a component has been refined be-
sides the significant c component, for which also a spin
spiral within the a-c plane may be possible. The aver-
age magnetic moments and their orientation in the LTI
and HTI phases are quite comparable in the doped com-
pounds and only the type of the propagation changes
from a sinusoidal modulation to a spin cycloid. There-
fore, the LTI and HTI phases resemble each other much
more than in NVO, where especially the cross-tie moment
changes from almost fully frustrated to roughly 1.4 µB
(Ref. 6). A reason for the reduced cross-tie magnetic mo-
ments in the doped compounds could be the preferential
occupation of Co on this site which seems to affect the
ordered moment more than it does on the spine site. On
a microscopic level the statistical occupation of the Co2+
ions would lead to randomly oriented isotropic exchange
fields at the cross-tie position created by the four sur-
rounding spine-sites depending on the nearest neighbour
atom type. These fields should locally magnetize the
cross-tie spins and suppress the regular magnetic modes
corresponding to the Γ1 and Γ4 representations.
It is a surprising fact that Co-doping, applying a certain
amount of chemical pressure, stabilizes the spin cycloid
down to low temperature whereas external pressure re-
duces its stability range.16 Furthermore, the additional
single-ion anisotropy due to the Co2+ ions should favor
a collinear antiferromagnetic ordering along the a-axis
similar to the parent compound Co3V2O8.
28 From this
point of view the observed existence of the cycloidal LTI
phase down to low temperatures seems unexpected. We
suggest that it could be explained by a change of the fine
balance between the exchange interactions and the single-
8FIG. 6: (Color online) Magnetic structures of (Ni1−xCox)3V2O8 for x=0.07 and 0.10. (a) At T=7 K the cross-tie moments
are sinusoidally modulated, while the spine moments describe a rotation around the c axis with a strongly elongated elliptical
envelope, which is close to a sinusoidal modulation (the size of a magnetic moment at a particular position is emphasized by
a [red] sine curve with a wavelength of a/qx). The spine spins predominantly point along the a axis with a small imaginary b
component and an essentially zero c component, whereas the cross-tie spins lie within the b-c plane. (b) at T=2 K a spin cycloid
is established where the magnetic moments of the spine site rotate within the a-b plane [emphasized by the (blue) envelope]
propagating along the propagation vector (qx 0 0). Two neighboring kagome staircases are depicted showing the antiparallel
alignment of spine spins of adjacent layers. The rotation of the cross-tie spins traces a narrow ellipse within the a-c plane.
ion anisotropy in the Co-doped compounds. In pure NVO
the exchange interactions between two Ni spins along the
spine chains are responsible for the cycloidal LTI and si-
nusoidal HTI phases where the competing exchange be-
tween the nearest (J1 > 0) and next-nearest (J2 > 0)
neighbors is important.6 In particular, these interactions
determine the incommensurate wave vector of the mag-
netic structures according to cos [(1− qx)pi] ≈ −J1/4J2.
The low temperature transition into the collinear com-
mensurate antiferromagnetic phase (C phase) is deter-
mined by a competition between the single-ion easy-axis
anisotropyK stabilizing the a-axis spin direction and the
exchange interactions which occurs in a narrow range of
theK, J1 and J2 values according to the simulation given
in Ref. 6. An increase of the effective anisotropyK due to
Co doping has to be compensated by an increasing J2/J1
ratio in order to suppress the low temperature transition
into the C phase (see Fig. 20 in Ref. 6), while K/J1 stays
inferior to a critical value of 0.5 (see Fig. 19 in Ref. 6).
Indeed, our experimental observations confirm these as-
sumptions. As mentioned above, the incommensurability
is a result of the competition between J1 and J2. Using
qx = 0.28 of the parent compound yields a J2/J1 ratio
of 0.39 while for the Co doped compounds we can esti-
mate from our data an increase of this ratio up to 0.43
for x=0.07 and 0.47 for x=0.10, respectively, which con-
firms the stabilization of the LTI phase. At the same
time we suggest that J1 increases in order to compensate
the increasing K according to K/J1 ≤ 0.5. As stated
in Ref. 6 an increase of the anisotropy K also increases
the temperature range in which the HTI phase is stable,
because a larger K competes with the fixed spin length
constraint from the quartic terms in the Landau expan-
sion, which becomes stronger with decreasing tempera-
ture and induces a transverse spin component ending up
in the LTI phase. These theoretical considerations are in
perfect agreement with our experimental data: in NVO
the HTI phase is stable within a temperature range of
2.8 K, while Co-doping increases the stability range to
3.1 K (x = 0.07) and 3.2 K (x = 0.1).
To conclude, light doping of Co2+ ions (or Mn2+ and
Zn2+ as reported in Ref. 17) influences the delicate bal-
ance between the magnetic exchange parameters (due to
different spin values of the doped ions as well as mod-
ified exchange bond lengths and angles because of dif-
ferent atomic radii) and the single-ion anisotropy (due
to different spin-orbit coupling of the doped ions), which
is predicted by theory6 to materialize in the propaga-
tion vector of the modulated magnetic structures and the
temperature stability range of the HTI phase, which our
neutron diffraction and magnetization data nicely show.
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